In the recent years, the introduction and development of simple and portable sensors has been the focus of researchers in nearly all scientific domains, particularly in the biomedical settings.
INTRODUCTION
Escherichia coli (E. coli) is a rod-shaped Gram-negative, facultative anaerobic bacterium of the genus Escherichia and is commonly found in the gut of human and warm-blooded animals [1] . As a part of the intestinal flora, the majority of E. coli strains are harmless and can provide advantages to their hosts by synthesizing appreciable amounts of vitamin K [2] , and also suppressing colonization of the intestine with pathogenic bacteria [3, 4] . However, a few number of E. coli serotypes, such as O157:H7 are capable of causing human illness. E. coli O157:H7 is a food-and water-borne infectious pathogen causing diarrhea, hemorrhagic colitis and hemolytic uremic syndrome that leads, in some cases, to severe complications, even death [5] . Accordingly, a timely diagnosis and consequently an effective treatment, is essential.
In line with the promotion of the lab on a chip (LOC) concept, in which one or multiple diagnostic techniques are integrated into a simple and ambulatory device, a considerable amount of efforts have directed in recent years toward the development of rapid and reliable approaches of detection and qualification of specific infectious pathogens including E. coli O157:H7 [6] . In this regards, immunomagnetic sensors have provided an emerging and promising approach in which E. coli antigens are captured with specific antibody-coated magnetic particles and small magnetic field variations, caused by the presence of superparamagnetic beads bound to the antigens, are detected and quantified by a magnetic sensor [7] .
Among different kinds of magnetic sensors, such as Hall sensors or GMI devices, a multilayered giant magnetoresistance (GMR) has been shown to have the greatest potential for success in the biological samples [8] [9] [10] [11] and in cancer treatment [12] . Briefly, GMR refers to a large change, in general a reduction, in resistance (typically 10 to 20%) when the devices are subjected to a magnetic field composed of alternating ferromagnetic and nonmagnetic layers [13] . The GMRs have high magnetic properties and, thereby, possess high sensitivity at low magnetic field which makes them the most likely to be selected as the next generation magnetic field sensing devices.
Here, we introduce a novel GMR-based sensor that has been designed and fabricated for the detection of E. coli O157:H7 using superparamagnetic particles, Dynabeads® MAX E.coli O157.
II.
MATERIALS AND METHODS
Needle type magnetoresistive sensor
The bio-magnetic sensor consists of two main parts, i.e: a) Two sensing elements (GMRs) located in a mini chip and are placed on a 30-mm length needle, b) A Wheatstone half bridge configuration.
Wheatstone half bridge configuration allows measuring the variation of voltage induced by the magnetic field with removing DC voltage part of GMR polarization of the measuring bridge. The GMR sensor schematic and its components are presented in figure 1 .
The sensor's needle is injected into the magnetic cavity containing the magnetic fluid where, its physical properties are measured. The sensing direction of the GMR sensor is parallel to the needle, the characteristic that is important to create an external magnetic field. The maximum allowable current of the GMR sensor is 5 mA. respectively. The micro pipette was used to reduce the amount of mixing errors.
Experimental setup and measurement conditions
The major parts of the final setup are as below:
-GMR sensor: to detect the magnetic particles.
-HF2IS Impedance Spectroscope: to detect and measure the amplitude and phase of very weak AC signals and to also discriminate between the signal and noise. The HF2IS Impedance Spectroscope can be used as impedance spectroscopy or lock-in amplifier.
-Helmholtz coil: to produce a uniform external magnetic field. The Helmholtz coil which was designed for this experiment consists of a pair of circular coils of 12 turns.
The circular coils are 52 cm in diameter and are separated by a distance equivalent to the radius of one coil.
-Displacement system: that is adapted for two axes (X and Y) of the Helmholtz coil, according to the direction of sensing axis of each sensor. It also permits to protect the needle against any shock and to reduce the percentage of error during the needle positioning in the center of sample's cavity. The displacement system is controlled by a controller which allows backing up of the preset position using specific software. It is supported with a 220V-AC to 24V-DC convertor. An inappropriate distance between the displacement system and the coil center can interrupt the uniformity of the magnetic field. Therefore, the distance was calculated accurately using the finite element analysis as previously described [14] .
-Cylindrical shape cavity: that is fabricated from Polydimethylsiloxane (PDMS) substance to accommodate the magnetic liquid. It should be noted that the aspect ratio (S), i.e. the proportional relationship between the length of the cylindrical container and its diameter (height/diameter), and N, i.e. demagnetizing factors which in turn depends on S, are important elements for calculating the magnetic parameters and both are determined by the shape and size of the cavity [15] . Accordingly, the structural characteristics of the cavity, including size and shape, are crucial parameters and need a special attention.
The GMR sensor was connected to a DC power supply ranging ± 6 V via a circuit interface and through a USB-A to mini B-USB cable. The output signals from the GMR sensor were supplied to the HF2IS Impedance Spectroscope where they were detected and recorded with an interface program of the Impedance Spectroscope. After the sensor isolation, the GMR sensor's needle was located at the center of the Helmholtz coil via the displacement system. In order to be registered, the Vout−Vref signal of the sensor was supplied directly to HF2IS Impedance Spectroscope. First, the output data (Vrms and phase) was recorded without influencing by the magnetic marker (only air). Next, 350 µL of pure Dynabeads solution was poured by a micro pipette into the 8×8 mm cavity and was placed in the center of coils to record its data. This process was repeated for the other concentrations (1:4, 1:8 and 1:16). The output results for each sample were recorded 3×64 times, according to the interface program of the HF2IS. In order to reduce the percentage of testing errors, the PDMS cavity and the needle's insulation layers, were cleaned very accurately with distillated water and dehumidified with a soft sponge. Additionally, two laptops, one for steering the displacement system and another for recording the data and controlling the HF2IS impedance spectroscope, were employed in this experimental setup.
The measurement setup used for the detection of the Dynabeads fluids and also the estimation of their magnetic properties is depicted in figure 3 . For instance, the magnetic sensors are classified according to how sensitive they are for detecting the magnetic fields [16] .
In order to determine the GMR sensor's sensitivity, the employed setup was similar to that is shown in figure 3 . dependent on the direction of magnetic field, meaning that according to the magnetic field direction, the variation of R for ΔR+R and ΔR−R is increased and decreased, respectively, when the sensing element is located along with the direction of magnetic field. Figure 5 depicts a simplified connection schematic of the GMR sensor.
The output signal (Vout−Vref) of the GMR sensor can be determined by this equation: (1) In addition, the change of resistance in the Wheatstone bridge of the GMR sensor, after removing the DC component by the HF2IS Impedance Spectroscope, can be written as the following expression: was more uniform and equal to 400 µT. The Helmholtz coil frequency was set at 75 Hz and the coil was fed 690 mV through the HF2IS Impedance. Finally, the GMR sensor was placed into the container, thanks to a displacement system. The sensor and the cavities were cleaned and dehumidified with distilled water and a sponge at the end of each test.
The associations between the output signals (mV), obtained by the GMR sensor, and the size of cavities and the various weight densities are shown in figure 9 . The results indicate that, at a given concentration of the solution, comparable signals are achieved from the cavities with similar structural parameters (size, N and S) and that increasing the weight density of the solution is associated with a proportional increase in the output signals. Our findings are consistent with those observed by Yamada et al. [17] [18] [19] [20] [21] [22] demonstrating that the output signals detected by the GMR sensor are dependent both to the cavity structure and the solution concentration. 
IV. SUMMARY
This paper introduces a novel highly susceptible needle-type GMR sensor which has potential to detect the micro-or nano-magnetic particles and to determine their major magnetic properties such as the susceptibility and the relative permeability. The GMR sensor was designed to detect and quantify rapidly E.coli O157:H7 bacteria coated by magnetic particles from the contaminated environments. In this experiment, Dynabeads® MAX E.coli O157 solution was used as the source of the magnetic particles.
Here, we have reported a method by which the maximum sensitivity of a sensor can be achieved and the ΔR variation of the sensing element in the Wheatstone half bridge of the GMR senor can be calculated. Also, a part of the experiment was dedicated to the determination of the characteristics of the Dynabeads solution including χ and µr which showed that there exists a proportional relationship between χ, µr and DW. Finally, we could demonstrate that the output signals detected by the GMR sensor are dependent to the aspect ratios (S) and demagnetizing factors (N) of the sensor cavities and also to the concentration of the Dynabeads solution used in the experiment.
Further studies are needed to employ the GMR sensor for the detection of E.coli O157:H7 in the real biological settings.
